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Abstract

Although the existeqte of the critical ionization velocity (Cl V) is known from laboratory

cx])crimcnts,  no agreement has bmn  reached as to whether Cl V exists in the natural space en-

vironment. in this paper we move towards more realistic moclels  of Cl V and prescmt  the first

fully tllrec-dil]le)~  sio]]al,  electromagnetic l’arLicle.-in-Ccll Monte-Carlo Collision (1’IC-MCC) simu-

lations of typical space-based CIV experiments. in our moclel,  the released neutral g& is taken  to

be a spherical cloud traveling across a magnetimd  ambient plasma. Simulations are pcrfomcd  for

neutral clouds with various sins and  densities. The cflects  of the cloud parameters on ionization

yic.lcl,  wave enqy growLh, electron  heating, momentum coupling, and  the 3-1> structure of the

newly ionized plasma are discussed. ‘1’he simulations suggest that the quantitative characteristics

of momentum transfers among the ion beam, mutral  cloud, and plasma waves is the key indicator

of whether CIV can occur in space. The missing factors in space-basecl CIV experiments may be

the conditions necessary for a continuous enhancement of the beam ion momentum. For a typical

sha])ccl  charge  release experiment, favorable CIV conditions may exist only in a very narrow,

intermdiatc  spatial region some distance from the release point due to the effects of the cloucl

density and size. When CIV cloes  occur, the newly ionimcl  plasma from the cloud forms a very

complex structure clue to the combined forces from tllc geomagnetic field, the motion induced emf,

aud  the polarization. IIence,  the detection of Cl V also critically depends on the sensor location.
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1 I n t r o d u c t i o n

Critical ionization velocity (CIV) was first  proposal by Alfvdn in his theory of the formation

of the solar system [A1/v&z,l 954]. Alfv6n hypothmizcd  that a neutral gas propagating across a

magnetized plasma  will undergo an anomalous ionization when the relative vdocity  between the

n cutrals  and the plasma  exceeds  a certain  critical vclocit,y  given by

{

—..——
2c4J~o,,Vc , —. -._. (1)

‘m?,

where  &?, and m,, arc the ionization) IJotential and mass of the neutral atom, respectively. Over

the past for~y yea~s, the critical ionization velocity phenomenon has been the subject of many

space cxpcrimcnts  (see, for cxamlJc,  Hacrcndcl, 1982; Torhcrl  and Newell, 1986; Wcscott et al.,

1986; Stcnhack-Nzdscn  d al., 1990a; Stcnback-Nielsen ct d., 1990b; ‘hrbcrt  ct. al., 1992), lab-

oratory cxpcriments(  A SWQS, 1978; IJrcnniTt9,  1981; I)aniclsson,  1970; Daniclsson  and IJrcnning,

1975;  Amds and ]Jrcnning,  1990), and thcorct,ical ancl numerical stuclies  ( Machida  and Go-

w12, 1988; Machida  id al, 1988; IIiasca et al, 1992, 1993; Moghaddam-  Taahcri, 1994; Okuda and

Chouciri,  1994 ). Previous stuclics have lccl to the following generally acceptecl CIV sequence: (1)

seed ionization of the mmtral  cloud forms a weak ion beam  clrifting across a magnetic field, (2)

the ion beam  incluces a modified beam-plasma instability, (3) the instability transfers energy from

the ion beam  into electron energy, (4) the electrons are heated to energies above the neutral’s

ionization energy, (5) further neutrals arc ionizccl  by elechon  impact ionization, reinforcing the

ion beam ancl lcacling to a positive feedback loop. Although the existence of CIV has been verified

in a series of laboratory experiments, the. results of space-basecl  CIV experiments have in general

bmn inconclusive or negative. No general agrccmcnt  has been  reached as to whether CIV exists

in th c natural space environment.

The cost ancl  complexity of space experiments precludes the possibility of performing the

parametric studies nceclccl  to cletermine  the missing factor in achieving CIV in space. Wall cflects

and the clifhculty  of matching space conditions in a laboratory experiment make it cliflcult  to ex-

trapolate laboratory simulations to tl:c space environment. Overall, numerical simulations based

on first principles perhaps provide the best means of understanding CIV process at reasonable

cost.

IN previous studies, one-. and two-dimcnsio]l al particle-in-eel] simulations with Monte-Carlo

chargecl particle-neutral collisions (1’IC-MCC) have been  developed to stucly CJV. For instance,

Mac/~ida  and Gocrtz [1 988], Machida cl al [1 988], and  IJiasca  ct al [1 992; 1993] studiecl the CIV
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prom.ss for a periodic  system of an infinite llcut,ral  gas beam  l~]opagating  in a homogeneous plasma.

‘J’hc finite size of the cloud most likely plays all important role in CIV. ltccent]y,  Mo@laddanl-

Tadwri ci al [1 994] and Oida ad Chouciri  [1 !394] conducted 2-1) simulations to study CIV for a

finite si~,e neutral cloud. in Moghaddam-  ~bahcri et al [1994], tlllec-{lil~lellsiollal  (3-I)) dfcct,s were

studied using 2-1) simulations performed in 2 sq)arate IJanes. With the exception of Machida

and Gocrlz [1 988], all previous simulations have been dcctrost,at,ic.

Although these studies have added greatly to tllc  undcrst,anding  of the CIV,  t,hcir results

cannot be easily cxtcncled  to space-bascc] Cl V cx perimcnts.  l’his is bccausc  the CIV experiment

is fund amcntall  y a 3-dimensional ]Acnomcl)  a. Many of the space cxpcrimcnts  which do indicate

enhanced ionization levels (supposedly due to Cl V intcract,ions),  result in ions appearing further

from the relcmse point,  than should be cxpectcd  froln previous theoretical and numerical work

(lJiasca et al., 1 993). The ovcral]  ionization level observed  also tends to bc mud less than might

bc cxpcctcd  from purely theoretical reasoning. Onc possibility for t,hcsc discrepancies bctwccn

experiments and  theory is that, in a 3-1) situation, the ion beam may not get rcinforcccl as

easily as that in a 1-D or 2-D situation clue to greater effects of the finite  cloud size on the

cflciencies  of momentum and  energy trausfcrs  among  the ion beam, the neutral cloud, and  t,hc

background plasma. ‘1’his can rcshict the CIV process. Another possibility is that the newly

forming plasma polarizes and causes downstream, cross-field transport of the new plasma. This

cross-field transport of the plasma may well have important implications for both the lCVCI of

ionization obtained in CIV experiments and the olmnvcd  position where the ionization occurs.

Overall, the importance of polarization and  momentum coupling is not yet well understood. It

is clear, however, that the calculation of momentum transfers among a finite size cloud, an ion

beam, and a magnetized plasma, and the study of tl~e dynamics and polarization of the newly

forming plasma arc beyond  the reach of a 1- or 2-D simulation moclel. They can only bc achicvccl

using fully 3-climcnsional  parLicle  simulations.

in this paper, wc move towards more realistic moclcls of Cl V and  present the first fully three-

dilnensiona],  electromagnetic I’-TC-M  CC simulations of typical space-ba.ml CIV experiments. Re-

sults  arc prcscntcd  for neutral clouds with diffcrcmt  sizes and  densities. ‘3%c simulation results

suggest that  whether CIV can occur in space dcpencls  on the quantitative characteristics of mo-

mentum  and energy transfers among the ion beam, neutral cloud, and plasma waves. ‘I%c missing

factors in space-based CIV experiments may bc the con dit,ions  necessary for a continuous cnhancc-

mcnt  of the beam ion momentum. When Cl V dots occur, the n cnvly ionized plasma from the

3



cloud form a complex structure clue to the combined forces from the geomagnetic field, the mo-

tion inducecl  emf, and the polarization. We find that tho ion bcanl  momentum provides a bet,ter

indicator of CIV than the chctron tcmpc,ratum

Our  simulation model is described in SecLion 2. in section 3, wc study Cl V interactions for a

finite size cloud and  discuss effects of neutral cloud density and size on the CIV process as well as

tl)c dynamics of ionized plasma  cloud. Section 4 contains practical implications aud  a conclusion.

2 Simulation Model

Figure 1 shows our simulation model for a typical neutral gas rclcasc  cxpcrimcnt in the ionosp]lcrc.

in the n] odcl, the rclcascd  neutral gas is taken to bc a spherical cloud traveling with a constant

velocity ti,, in the x direction across a collisionless,  magnetized background plasma. When a

plasma particle impinges upon the neutral cloud, a collision may  occur. The geomagnetic field

Ilo is mainly  in the z direction.

WC have dcvc]opccl a fully 3-D clcctromagnctic  1‘1 C-MCC COCIC  which follows both ambient

and newly ionized electrons and ions to simulate this systcm. In the coclc, plasma particles arc

pushed using a staudard  relativistic particle push; currents arc dcpositccl using a rigorous charge

conservation scheme[ VWasenor  and IJuncntan,] 992]; aucl the self-consistent clcctromagnctic  ficlcl

is SOIVCC1  using a local finite-cliffcrcncc time-domain solution to the full Maxwell’s equations. Inter-

ested  readers arc referred to Wang ct a~l 994] for detailed cliscussions  of the clcctromagnctic  1’IC

part of the code. For those plasma particles that inq]inge upon  the neutral cloud, a Monte-Carlo

collision subroutine similar to that in Machida  and Gocrtdl  988] aud Diasca  et a!] 992] is callccl

to clctcrminc  whether a collision has occurrccl  aud  to calculate the particle’s velocity after the

collision.

The simulations may be comlucLcd either in the rest rcfcrcncc  frame of the ambient plasma

or in tllc rcfcrcncc  frame fixed with the neutral C1OUC1. Iuitially, tllc background plasma is a cluict

MaxwcUian  clistribution  (Tco aud Tio for the aml~icnt electron aucl ion temperature, rcspcctivcly).

At the start of the simulation, the neutral C1OUC1 is set to drift across the plasma with some seed

ions within  it. ]n reality, the seed ions arc producccl either by photoionization  or charge-cxchaugc

collisions. (If the cloud rcfcrcnce frame is usccl,  then the ambient plasma is injectccl into the

systcm  with a drifting velocity - ti,,, aud an electric ficlcl due to the change of the rcfcrcncc  frame,

& x l~o, is applied to the background, ) For the boundary conditions, those background plasma
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particles that flow out  of the simulation domain are refreshed with the ambient temperature, 2 ‘co

or ~’io, before  they arc il]jcctccl  bad to the simulation domain. If any nwvly ionimd  plasma

particles reach  the boundary of the simulation donlaill, they  are dclctecl  from the particle list.

Cllrrel~tly,  a~Jerio(lic  bollll{lary  c{)ll{litiol~  is used fo) theelechomagnetic  field. Since thclargest

wave amplitude in the system remains concentrated near  the cloud [ Okuda and Chouciri,l  994],

the usc of the periodic boundary conditiol~  on the fields should only have a negligible effect on the

Ycsu]ts  if the simulation domain is la~ge enough. Since the waves excited in. this problem have a
.

much larger wave length along l~o, we am un al.dc to set a simulation domain large enough in th c

l~o due  to con~putational  restrictions. IImc,c, the IIeriorlic boundary condition in the 7, direction

may have some effects in terms of affecting the instability growth rate. lIowever, this would not

change the overall mechanism.

‘1 ‘o make  the problem more  tractable, ill the simulations presented here, we only include

the electron-neutral ionization collision, the lnost  important collisional  process for CIV. Similar

to Machidu  and Gocr@l  988], we moclel the clcctrou-nmtral  collision frequency ve_,,  as a step

function  with a low-energy cut-em
4

v.-,, == V,*,,  ij ;In=(ii - ii,,)2 > C(f),m,; ‘ e -  71 == o otherwise

where Via, =- n?l < ~iO~Ltie  > is taken as au input  l)aramcter.  h addition, we also take the neutral

cloud density 71,*, radius r,,, and drifting speccl  v,, as constaut.  These are reasonable assumptions

for the relatively small spatial and time scale of the simulation. 11’he effects of the neutral cloud

size and density are stucliecl  via a parametric study  on T,l and v~m, (v~On is directly proportional

to the neutral density.).

in this paper, we present results from 4 simulation cases (Table I). ‘he ionization collision

frequency is taken to be Oim, = v~O,,/ti+K = 0.2 in cases 1a and lb, and ti~m = 0.05 in cases 2a and

2b. Cases la aud lb represent a dense neutral cloud, and  cams 2a and 2b represent a more rarefied

n cutral  cloud. in cases 1 a and  2a, wc consldcr a smaller cloud with a rachus f+, == T,, /Al) = 15. In

cases 1 b and  2b, we consider a larger cloud with ?,, : 25.

1 )epcmling  on the problem size aud the reference frame used in the simulation, the number

of grid points used for the simulation domain is in the range of 1.2 =- 40 – 100, lJV = 40- GO,

and  14, = 40 – 60, and  the number  of ambient plasma particles initially loaded is in ~he range of

No N ] @ - 1 07 (about 34 parLicles/cell). Some seed ions are also randomly distributed within

the cloud at the start of the simulation, ~’he mmbcr of seed ions is N4,.~ & 450 for ?,, == 15

and  N.C.d e 2090 for ?,, == 25 (about 4 seed ions/cell within the cloud). ‘1’he neutral drifting



velocity is taken  to M v,, /vC = 4 and the initial electron thermal velocity is chosen such that

+llct);o Y o.098c#imL. lhc to computational rcstl-ictionsj  an artificial ion mass of ?lti/?ll~  = 100 is

used for the seed, ambient, and nmvly born ions. Oihcr simulation parameters arc listed in Table

‘2. ‘J’l~cy arc comparable to those used in ~)rcvious  CIV simulations (e.g. Machida and L’ocrtz

1988, Machida  ct al 1988, etc.).

3  Results and I)iscwsic)ns

WC first  examine the s}~atial  distribution of the plasma ionized from the neutral cloud. ]n Figure

2 wc show two snapshots each for simulation cases 1 a and 2a ($,, =- 25). The left column shows

case la (fiim,  = 0.2) and  right  column shows case 2a (O~m, = 0.05). 111 l.)otll  columns, the top

pan CIS arc taken when the simulation is in a very early stage  (to+ =- 6). The lower panels arc

taken  at tq~ =- 200. in the figure, the white particles rcprcscnt  neutrals, blue particles represent

newly born electrons ionizecl  from the cloud, and yellow particles represent newly born  ions. The

ambient plasma, which maintains the charge neutrality, is not  shown. The left column shows that

the plasma ionizccl from the neutral cloud evolves to form an “asymmetric sphere-tail” structure.

The newly born ions mainly drift  with the neutral cloud bccausc  they are only weakly magnetized.

l)rivcn  by the motional  inclucecl  emf, the newly born  ions also expand in the tin x l~o direction as

they drift along with the Ileutral  cloud. Since the electrons are strongly magnetized, the newly

born  clcct,rons  arc trappccl  by the magnetic field and form a curved tail trailing the neutral cloud.

Since the elechons can move freely along the magnetic field line, this tail spreads along l~o like

a sheet. g’he right column (case 2a) also shows a similar structure for the newly born  plasma.

11 owcvcr, th c “asymmetric sphere-tail’) structure is less obvious hcausc there is much less plasma

created from the neutral cloud in case 2.

Wc next study in detail the important quantities associated with CIV. Figure  3 shows the

time history of the ionization yield for the four simulation cases. (Since cases 1a and 2a have a

larger problcm  size, wc arc unable to run  cases la and 2a as long as cases lb and  21.h) Here, the

ionization yield is cleflncd as Ne,,eti, /NccI, where NC,L.W is the total munbcr  of the newly born

dcctrons  and NqI is the number of ambient clcchons  initially contained within the neutral cloud,

4n  3 In our simulations, the number of ambient electrons initially withinNC(I = ?lCOV&Ud  z 71A ~ r,, .

the cloud is Nco & 1923 for $,, =: 15 and Nco & 9027 for +,, =-. 25.

~’hc ionization yields for case 1a and 1 b, shown on the tol) l~anel of figure 3, clearly exhibit an



cxponcmtial  growth. ‘J’hc  exponential growth  starts  at about tti~lx  w JOO - l~o.  At tti~lx  = 100, the

ionization yield is only Nc,,cti, /Nco w 0.87 for case 1a aud Nc,lcti, /NcO N 0.72 for case lb. IIy the

end of the case 1 simulation, at @K =- 232.5, wc fl]ld  Nc,,eti, /Nco & 6.2 for case la. IIy the end

of t,hc case 2 simulation, at twlx = 400, we find Nct,eti, /h’co & 28. for case lb. This exponential

growth imlicatc,s  that an anomalous ionization pxoc,ess is ill p oc.ess. ‘J’he ionization yields for case

‘la and 2b, shown on the bottom panel,  also show soIne signs of exponential growth. However,

the growth rate is at a much weaker level (N otc there is a factor  of 10 scale difference between the

Lop aud bottom  panels).

Figure  4 shows the t,imc evolution of the wave energy associated with the electric aud  magnetic

fields within the cloud. IU the calculation, the electric aud magnetic field  is normalized as

cl<$; ,  — — . . - - . .
nldcellti);=  ‘

(2)

where the summation is for all the gricl points  wit]lin the cloud region.

g’hc top panel shows the wave energy for cases 1 a and  1 b while the bottom  panel shows cases

2a aud 2b. An cxl)oncnt,ial  growth of 61}2 is present in all cases, while 81j2 remains near zero. ‘Yhc

rapid growth of the electric field wave energy indicates that au instability of electrostatic nature

has been cxcitcd.  ‘1’his is exactly the modified beam-plasma instability iucluccd by the ion beam

withil] the cloud. When v~m, is the same,  the instability grows faster  for the larger cloud. ‘This

is apparently bccausc  the m allw cloud size imposes a more severe restriction on the wave length

of the unstable wave modes allowccl,  which lil oits the instability growth rate. According to linear

stability theory, the maximum grcnvth  rate should occur for wavelengths along the magnetic field

1
r

o f  A,lt,l[  = z %?% Where 7Tl~ al]d  7TLC ar(! t]l(! lIIaSS Of the Ck!ctroll  and ion, l&$pcctiVCly,  and jl,l[

is the lower hybrid frequency [Moghaddam- 7bahcn’  et al,, 1 994]. If the cloud is not large enough

to contain the most unstable mode, it seems p]ausiblc  that the growth rate of the instability will

bc rccluccxl  [Newell, 1985]. Although this has nmwr been shown rigorously CIUC to the theoretical

problems of hauclling the ncccssary  non-uniform plasma, rcccnt  numerical work has indicated the

reduction in the growth rate dots indeed occur [Mo@addant- Taaheri et aL, 1994]. IJecause  of

the computational restrictions nccclcd to carry  out the full three dimensional simulations, all the

simulations here usc clouds with r < A,,,,ll,  i.e. the size of the cloud is smaller thau the wavelength

alol~ g the magnetic field nccclcd for maxi  mu) o growt]l  of the instability. Hence, our simulations
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rqmscnt  early  stages  of space based  CIV expmiments  when the cloud is still small. ‘1’hc reduced

ionization rate in the smaller cloud agrees with the trend of smaller cloud sizes rcclucing  the

instability growth rate and hence the ionization rate obtained through the Cl V proces.

A very distinct difference is noticablc  whel~ com])aring  cases 1a ancl lb to cases 2a and 2b. I’he

instability is much stronger in cases 1 a and 11> thal~ in cases 2a and 2b. ‘1’hc combined results of

the ionization yield and wave energy clearly suggest that critical velocity ionization has occurred

in cases 1 a and 1 b. l~or cases 2a and 21J, the much wcalm growth  of the ionization yield and the

wave energy only indicates signs of marg;inal  Cl V.

Electron  heating by unstable waves is reg;arded  as a key step  to ignite Cl V. in all Cl V ex-

periments, the electron temperature enhancement has been  used as a key indicator for Cl V. We

next  examine electron heating in our simulations. Figure  5 shows the time history of the electron

temperature within the neutral cloud region. The temperature Tc is calculated using all electrons

inside the cloud region and is normalimd  by TCO, the initial electron temperature. We find rapid

incmasc  of 2: starts at ti.dlw w 100, which is consistent with the instability growth  and ionization

yield growth shown in figures 3 and 4. IIowever,  it is interesting to observe that, while strong

electron heating continues through the simulation course in cases 2a and  2b (which only have nlar-

ginal  signs of CIV), electron heating reaches a semi-steady state at a modest  level of L“e/Tco ~ 2

at t+ N 180 – 200 in cases 1 a and 1 b (which have clear signs of CIV).  This is apparently due to

the tracle off between electron heating rate and the collision frequency. in a collisionless  plasma,

electron temperature enhancement is clirectly  correlated with the instability level. IIowever, when

e]ectron-neutral collisions are present, the collisim frequency imposes an “windowing effect” upon

electron heating. In a plasma with a lower collision frequency, an electron will heat longer and

reach  a higher temperature before colliding with a neutral, ionizing and losing its energy. On the

other hand, if the collision frequency is high, the electrons collide ancl excite neutrals so often that

2’ ‘e can only reach  a very moderate level no matter how strong  the instability is. Hence, although

the electron temperature is an important l)aramcter to measure in a CIV experiment, we find

that strong electrol~ heating does not necessarily indicate CJV. We note, in most space-based CIV

experiments, strong electron heating but no significant, ionization yield are present at the same

time.

one of the most important mechanisms in a CIV process is the momentum coupling among

the )) eutral  cloud, the ion beam, and the ambient plasma [Hmrendcl,  1982]. The momentum

coupling determines whether the initial ion beam  momentum can get reinforced so the process is
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ill a IIositivc  feedback 1001J  loading to CIV. II] Figure  G, we ])lot tl~c time history of the beam  ion

momcntuln  in the clrift,ing  clircction  for all simulation cases. ‘.l’he initial ion ham nlomcntum is

that of the seed ions

1’20 z N8C#l.~  V,,

‘-1’hc beam ion momentum at a later time  is that of the initial

1’, = ~<N,C,.~+ N,,c”,  (t~ti~i)

(3)

seed ions ancl all new]y born ions.

(4)

If we consider a finite size cloud of ions drifting in a plasma with no c.ollisional  interactions

between the ion cloud and the plasma, the ion c.loucl will initially excite  some electromagnetic

waves in the plasma at the expense of losing its momentum. Since there is no mechanism to supply

the ion ham momentum, t]] c wave-particle interactions will eventually consume all the initial ion

momentum, and the ion cloud will stop and tile waves will disapl)ear,  For a very  rarefied  N cutral

cloud where  electron-n cutral  collisions have a ncgligib]c  effect, the process is similar. in Figure

6 we also plot the beam ion momentum for a very rarefied neutral cloud, where the collision

frequency is tiiO,, == 0.001 and the radius is ~ == 15. As the result shows, the beam ion momentum

1’* for this cloud quickly decreases to zero,

‘IThc collisional  interaction between electrons and the neutral cloud provicles  the mechanism

to resupply the ion beam momentum lost via wave excitation. When Pr /l’zo > 1, the process is

in a positive feedback loop. Clearly, in order for sustained CIV to occur, the collisions and wave

particle interaction must result in a process such that

1’, /1’20 > 1 ,  CL71O! d(l’z/l’zo)/dt  > 0 (5)

As shown in Figure 6, these two conditions are well satisfied for cases la and  lb. For case 2a, eq(5)

is marginally satisfied, and for case 2b, cq(5) is not always satisflccl.  Those  results are consistent

with the results shown in Figures 3 and 4, where we found case 1 has clear signs of Cl V and case

2 only has marginal  signs of CIV.

Wc find the quantitative characteristics of the beam ion momentum, rather than electron

heating, is the most importaut  indicator for Cl V. ‘1’hc conditions that can result in a process

with 1’7 /} ’70 > 1 and d(l’7 /1’,0 ) /dt > 0 arc the sufXcient  conditions for CIV. Unfortunately,

these conditions are not known a prior, which may IN’ the missing factors in space-based CIV

experiments.
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4  C o n c l u s i o n s

WC have developed a 3-1) Cl V interaction model based on electromagnetic 1‘1 C-MCC  simulations.

‘J’hc model has been used to simulate space hascd Cl V cxpcrimcmts. 1]1 this paper,  we have focused

otlr discussions on the effects of the cloud size and the electron-neutral collision rate on ionization,

wave energy growth, electron  heating, momentum coul)ling,  aud the 3-1] structure of the newly

ionized plasma.

Our  simulations have some iutcresting  practical implications for space based  CIV experiments.

Wc fiI]cl while space based  CIV experiments arc designed to satisfy the necessary conditiol)s  of

CIV, they do not  necessarily result in au interaction process with the continuous enhauccment

of the ion ham. ‘1’he quantitative conditions that will result  iu a process satisfy  ill g eq(5),  which

may be the sufficient conditions for CIV to occur ill space, am still not clear. Nevertheless, our

simulations suggest that, in gm eral, the rq~lcnishment  of the beam ion momentum is more easily

achieved for larger cloud size aud highm neutral density.  ‘1’his suggests that, for a typical nozzle

rclcasc  experiment, favorable Cl V condition may exist only in a very nariow, intermediate region

some distance from the release point,  Figure 7 qualitatively illustrates the neutral cloucl  size aucl

neutral density profile as a fuuction  of the distance between the cloud ancl the nozzle exit. Near

the nozzle exit, where the neutral density is sutlcicntly  large, the cloud size is often  too small

to support the unstable waves, which limits the growth of the instability and thus, the energy

transfer from the beam ions to the electrons. Far away from the nozzle exit, where the cloud has

cxpandccl to a sufhciently  large size, the neutral clensity  is too low to allow the collision frequency

that is needed  for sustained ham momentum cnhanccmcnt  and thus, ionization. When  CIV

does occur, wc fincl the newly ionized plasma from the cloud forms a very complex structure,

appcarnt]y  duc to the combined forces from the geomagnetic field, the motion incluced  cmf, aucl

the polarization. Significant plasma  density cnhauccmcnt  is likely to be detectecl  only in the core

region of the neutral C1OUCI. Hence the detection of Cl V critically depends on the sensor location.

The simulations presented here used a relatively simple neutral cloucl  model. The major lim-

itation of the current model is imposed by t]) c comlmtcr  memory  aud cost, which restricted our

simulations in relatively small scale and artificial ion mass ratio. Currently we are in the process

of incorporating a more sophisticated neutral cloud moclcl  and implementing our model onto mas-

sively parallel  supmcomputcws  (i.e. lntc] l’aragon  and Cray ‘J’3D) for larger  scale, more realistic

sinlulations.
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[HI
.——. — ..— —

simulations fiio,, f,,—— . . . ..— —
l a 0.2 25

1 b 0.2 15

2a 0 . 0 5  25

21) 0.05 15———. .— ---- —_____  ___

‘l’able 1: Simulation cases

——
tj

0.125

100

4

12.5

1
—.—. —

Table  2: Simulation parameters
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IJigllrc C!al)t,ions

IJie>ule  1: ScJ~omatic illustration of the simulation )nodc]. A neutral cloud with some SCCC1 ions

travels across a magnetized background plasma.

Figure  2: Snapshots of the plw.ma  ionized from tile cloud from simulation cases la (left

column) and 2a (right  column). ‘J’o]]l)a]lcls  aretakc:] atiujw = 6 al]clbottol~~])allels arc taken  at

tw,w =- 200. White particles: neutrals. Yellow particles: newly born  ions. IIluc particles: newly

born  electrons. g’hcambicnt  plasma  is not shown here.

Figure  3: ionization yield lVe,,=V,/Neo. AI’Co w 1923 for $n =- 15 and  Neo w 9027 for $,, =- 25.

‘J’op panel:  cases 1 a and lb. Bottom pane]: c~ses 2a and 2b. (Note the change in scale between

case 1 and case 2)

Figure 4: Wave energy within the cloud. Top panel:  cams la and lb. Bottom panel: cases 2a

and  2b, (Note the change in scale between case 1 slid case 2)

,1+’igurc 5: Electron temperature Te/Tco within the cloud. l’op panel: cases 1a and lb. l~ottom

panel: cases 2a and 2b.

Pigurc  6: Ileam ion momentum 1’2 /lio.

Figure  7: Schematic illustrations of the neutral c]oucl  size ancl  clensity profile as a function of

the distance between the cloud and  the nozz]c exit ill tyl)ical nozzle release experiments.

14



Y

/

—.—— —

—————.  -—...  — —

Figure 1

/

—

/
x



30.0

20.0

Ne,Lcu,/N  {Q

10.0

0.0

3.00

2.00

lVc,LCu,/NcO

1.00

0,00

— ——. ———. —--

//

1,. ] ~
~: 25 / ’

/ “
/--/’ ./----.. —- z22-.. -_=_. .. ----=-

—“—-T————”— T—————— ~—_— . . ..r–————r———~
100. ~& 300. 4[

case 2a al~d 2b

/
TZ,25  i, / /

.-. _.. ----/“ r=15
/?-

/_K.::.-:.:.-:17’7
~—.—_.—_. ~ .–-–—...r———————r—~

100, ?J;; 300. 4(

3.

0.

Figlllc 3



case la and lb

—0.60

0.40
\vavc Cl)crg;y

0.20

0.00

0.240

0.160
wave energy

0.080

0.000

617

/’ /

// J
r= 2$ I

/

.

11 r: ]~
//

1’
/ ./N-

/.-//’/ /
/ /-=” hfiz

/ -----
---5 -F . . . . . . . . ---: ::-_.. . . . . .. --.-=---- ------

. .. ..- ----- --.—. —.- --
1 ‘–-F=-==(–l–  ~~

~—loo. iL9J2” 300.

case 2a and 2b

).

0.

Figure 4



GIN!  la all(l l b

6.0

0.0

6.0

4.0

Tc/?’eo

2.0

0.0

. .

——-——-l---~” --r--
100.

case 2aand 2L
-— ———. —--.-—

~—-—-r---- 1 1100.
~-_..-. ~_ ,

?i!!:; 300. 4(

).

o.



102” —- ~—
, .’,

,---

1= 25 ,.-
1) >: ().2 ,.- --’;==]5

/’ . -----,,,,/  ,. -.’
/ ----,. ~,-

10” ,’ ,.-
, , ~~’.’. -“ ‘

]:. /1;,0 ,. ----- ]: 25 ,’.--./-’--- / “,,
.. / -------’1=-15,% -,- ,,,, >=- -- -,/, ,,,. -“2’# -------/ .-,4 ~----- /,/ l) = 0.05

//--~ -- —------- ,’
].~‘<

: x

r=:15,  v = 0,001

10-1
0 - ”100.

—__.— —__
ROpc Tr 400.

]1’@m  6



4

3

2

1

, ----
1“ A

No CIV

~l:ud
small

\~l?l:/n,Lo ~ Loo  low
‘——— I---------

1 2 3 4

IOgurc 7


